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Selective distal nephron damage during isolated kidney perfu-
sion. The morphologic characteristics of the isolated perfused rat
kidney were examined by light and electron microscopy. Follow-
ing perfusion for 90 mm, the cortex appeared normal except for
the development of spaces in glomerular mesangial regions and
ultrastructural abnormalities in very few proximal tubular cells.
In the medulla, descending limbs of the loops of Henle and
collecting tubules appeared normal. During perfusion, however,
even under optimal conditions, consistent and reproducible
changes rapidly developed in cells of the thick ascending limb of
Henle's loop, more specifically, in cells of the straight portion of
the distal tubule in the inner stripe of the outer medulla. The
changes became progressively more severe as perfusion contin-
ued and ranged from swelling of mitochondria at 15 mm to
complete cellular disruption by 90 mm. Horseradish peroxidase
added to the perfusion medium was found in and between
damaged cells and in the interstitial tissue adjacent to affected
areas. The pathogenesis of these selective medullary distal
tubular abnormalities may relate to the specialized functional
activity of this segment of the nephron. Such abnormalities may
contribute to the specific functional defects of the preparation.
Lesions distales sélectives au cours de Ia perfusion du rein isolé.
Les caractères morphologiques du rein isolé perfuse ont eté
étudiés par microscopie photonique et electronique. Après 90
minutes de perfusion le cortex paralt normal mis a part l'appari-
tion d'espaces dans des regions mesangiales glomerulaires et
d'anomalies ultrastructurales dans un très petit nombre de
cellules tubulaires proximales. Dans la médullaire, les branches
descendantes des anses de Henle et les tubes collecteurs parais-
sent normaux. Au cours de Ia perfusion, cependant, et méme
dans les meilleures conditions, des modifications notables et
reproductibles apparaissent rapidement dans Ia branche large
ascendante de l'anse de Henle et particulièrement dans les
cellules de la portion droite du tube distal dans Ia couche interne
de Ia médullaire externe. Ces modifications deviennent progres-
sivement plus importantes au fur et a mesure que Ia perfusion est
poursuivie et vont du gonfiement mitochondrial a 15 minutes a Ia
destruction cellulaire a 90 minutes. La peroxydase ajoutée au
milieu de perfusion est retrouvée dans et entre les cellules lésées
et dans le tissu interstitiel adjacent aux regions atteintes. Le
mécanisme pathogenique de ces anomalies sélectives tubulaires
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distales peut être en rapport avec Ia spCcialisation fonctionnelle
de ce segment. De telles anomalies peuvent contribuer aux
modifications fonctionnelles spCcifiques de cette preparation.
The isolated perfused rat kidney has become
established as a standard experimental preparation
for the study of kidney function and metabolism.
With improved perfusion methods using defined
artifical media, stable function can be attained in
the isolated kidney, and variations in the face of
physiologic, pharmacologic, or metabolic stimuli
have provided important insights into the behavior
of the intact organ. Functional and metabolic stud-
ies [1] indicate the viability of the preparation in the
hands of different investigators. Even so, specific
defects in the preparation remain. Thus, glomerular
filtration rate (GFR) is low compared with that in
vivo and declines during perfusion. In addition, the
high flow rates required to maintain an adequate
oxygen supply are associated with loss of the nor-
mal corticomedullary osmotic gradient and im-
paired urine concentrating capacity. The mass of
accumulated physiologic observations on the isolat-
ed perfused kidney contrasts with the paucity of
morphologic studies. In preliminary histologic stud-
ies of perfused kidneys, striking changes were con-
sistently found in cells of the thick ascending limb
of Henle's loop. The present paper reports a de-
tailed analysis of these changes and other features
of nephron morphology at various times of perfu-
sion.
Methods
Experimental groups. Two series of perfusions
were undertaken. In the first, six kidneys were
perfused for 90 mm as described by Ross, Epstein,
and Leaf [21 to provide baseline values. In the
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second series, 19 kidneys were perfused in the same
way except that for ultrastructural studies in-line
perfusion fixation was carried out at various times.
Perfusion techniques. The apparatus and meth-
ods were as described by Nishiitsutsuji-Uwo, Ross,
and Krebs [31 for direct pulsatile perfusion of the
kidney through the renal artery. The perfusate was
prepared by the method of Ross, Epstein, and Leaf
121 and contained 6.7% bovine serum albumin and 5
mM D-glucose dissolved in Kreb's Henseleit high-
bicarbonate saline. This was filtered prior to use
through a 0.45-u Millipore filter (Millipore Corpora-
tion, Bedford, Massachusetts) and continuously
during perfusion through an in-line 8.O-p. Millipore
filter. Approximately 75 ml of perfusate was recir-
culated, warmed, and gassed with 95% oxygen and
5% carbon dioxide in the perfusion apparatus for 30
mm before beginning a perfusion. Male Sprague-
Dawley rats weighing 300 to 400 g were anesthe-
tized with pentobarbital sodium injection, 60 mg/kg,
i.p. (Nembutal, Abbott Laboratories, Sydney, Aus-
tralia). After I ml of 10% mannitol was administered
i.v., the right kidney was perfused by a cannula
introduced initially into the superior mesenteric
artery and then, after the flow of perfusate was
begun, into the right renal artery. The perfusion
flow rate through the kidney ranged from 30 to 38
ml/min, and the perfusion pressure was maintained
at 140/110mm Hg.
Analytical methods. After an initial 20-mm equili-
bration period, samples of urine and perfusate were
collected over 10-mm intervals. The GFR was de-
termined by the inulin clearance, with '4C-inulin
(Radiochemicals, Amersham-Searle Corporation,
England). Sodium and potassium concentrations in
perfusate and urine were measured using an IL 143
flame photometer with a lithium internal standard.
Pooled data are expressed as the means SEM.
Morphologic techniques. In the first series of
kidneys, following 90-mm perfusion time, the kid-
ney was bisected longitudinally, immersion-fixed in
10% phosphate-buffered formalin, and embedded in
paraffin. Sections for light microscopy were stained
with hematoxylin and eosin.
In the second series, fixation was carried out
after periods of 0, 15, 30, 60, and 90 mm of
perfusion. A three-way stopcock was incorporated
into the circuit 5 cm from the arterial cannula to
allow the fixative solution (1.25% glutaraldehyde in
0.1 M phosphate buffer at a pH of 7.3 and room
temperature) to enter the kidney at a pressure of 140
mm Hg for 5 mm. Thin slices of cortex and medulla
were removed and cut into elongated blocks, width
and thickness not exceeding 1 mm. These were
immersed for an additional 4 to 5 hours in the
fixative solution, and then washed overnight at 40 C
in 0.1 M phosphate buffer containing 5% sucrose.
The blocks were postfixed in 2% aqueous osmium
tetroxide for 1 hour, dehydrated in graded acetone,
and embedded in epoxy resin, which was 1 part
Epon 812 (Ladd Research Industries, Burlington,
Vermont) to 4 parts Fluka araldite (Durcupan,
Switzerland). For light microscopy, sections were
cut at 0.5 to 1.0 i with a glass knife on an ultrami-
crotome (Reichert Ultracut or Cambridge-Huxley)
and stained with methylene blue. For electron mi-
croscopy, thin sections were cut with a diamond
knife, stained with uranyl acetate and lead citrate,
and examined at 60 kV in a Siemens Elmiskop 102.
In two isolated kidney preparations, horseradish
peroxidase (HRP; type II, Sigma Chemical Com-
pany, St. Louis, Missouri) was added to the perfu-
sate. After 30 or 60 mm of perfusion time, 20 mg
was dissolved in an aliquot of the perfusate and
returned to the system. After 5 mm of perfusion
with HRP, the kidneys were perfusion-fixed with
glutaraldehyde as above. Following an additional 4
to 5 hours of immersion fixation and an overnight
wash in buffer, the blocks were sectioned into 40- to
60-si. slices with a tissue chopper (Smith-Farquhar
TC-2, Ivan Sorvall Incorporated, Newtown, Con-
necticut). Sections were incubated with 10 mg of
DAB (3,3 'diaminobenzidine tetrahydrochloride di-
hydrate; Aldrich Chemical Co. Inc., Milwaukee,
Wisconsin) in 10 ml of 0.1 M phosphate buffer at a
pH of 7.3 and room temperature for 15 mm. This
was replaced with 10mg of DAB in 10 ml of 0.1 M
phosphate buffer, pH of 7.3 with 0.2 ml 1% hydro-
gen peroxide added, for an additional 15 to 20 mm
according to the method of Graham and Karnovsky
[4]. The sections were rinsed for 30 mm in 0.1 M
phosphate buffer with 5% sucrose, then postfixed in
2% osmium tetroxide, dehydrated in graded ac-
etone, and embedded as described above. Thin
sections for electron microscopy were viewed un-
stained.
Results
Physiologic function. The data from the first
series of six kidneys perfused for 90 mm for base-
line values are presented in Table 1. These param-
eters are comparable with those quoted by Ross et
al [1, 2] for kidneys perfused under optimal condi-
tions. Perfusion flow rates ranged from 30 to 38
ml/min at a systemic pressure of 140/110 mm Hg.
The urine flow rate was 0.038 0.009 ml/min after
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TABLE 1. Physiologic function in rat kidneys perfused for 90 mina
Perfusion time
20 mm 30 mm 40 mm 50 mm 60 mm 70 mm 80 mm
Urine flow rate,
mI/mm 0.038 0.044 0.041 0.040 0.040 0.040 0.037
U/Pinulinratio 25.5 25.4 22.3 18.6 16.1 14.4 13.3
Percent Na
filtered that is
reabsorbed 97.3 97.0 96.7
1.0
96.7 96.6 96.5
1.1
96.2
1.3
GFR, mi/mm 0.75 0.75 0.64 0.59 0.55 0.51 0.45
a Values are means SEM obtained at 10 mm intervals from six isolated kidney perfusion experiments. Perfusion flow rate ranged
between 30 and 38 mI/mm, and systemic pressure remained at 140/110mm Hg.
20 mm of perfusion and remained close to this value
throughout the 90-mm perfusion period. The urine-
to-plasma inulin ratio fell steadily throughout the
perfusion from 25.5 5.9 at 20 mm to 13.3 2.4 at
80 mm. The percentage of filtered sodium that was
reabsorbed dropped slightly from 97.3 0.8 at 20
mm to 96.2 1.3 at 80 mm. GFR was 0.75 0.05
mi/mm during the first 30-mm time interval and
thereafter progressively fell to a value of 0.45
0.05 ml/min after 80 mm of perfusion, a fall of 40%.
The average value for GFR over the whole perfu-
sion period was 0.61 0.12 mI/mm, which is
comparable with values reported in the literature [1,
2, 51.
Measurements of physiologic function were tak-
en where possible in the second series of perfu-
sions, that is, in those kidneys that were perfusion-
fixed for ultrastructural studies. The GFR values
were more variable than they were in the baseline
series, with a range from 0.1 (in a kidney with
persistently poor function; see below) to 1.0 ml/min
at 20 mm, and from 0.11 (in the kidney with poor
function) to 0.35 mI/mm at 80 mm. Percentage
sodium reabsorption was well maintained, ranging
from 91.4 to 98.2 at 20 mm, and from 90.0 (in the
kidney with poor function) to 95.1 at 80 mm.
Twelve kidneys showing the best functional param-
eters (and including both kidneys perfused with
HRP) were examined in particular detail and form
the basis of the reported ultrastructural results. In
addition, the kidney that showed persistently poor
function was examined in detail after fixation at 90
mm to determine whether poor function could be
correlated with particular morphologic changes.
Morphology. In the six kidneys perfused to estab-
lish baseline criteria of good physiologic function
and examined by light microscopy following immer-
sion fixation in formalin, the cortex and inner
medulla appeared normal. But, epithelial cells in
groups of tubules in the outer medullary region
showed cytoplasmic fragmentation and pyknotic
nuclei (Fig. 1). It was not possible in such paraffin-
embedded material to identify with certainty the
segment of the nephron affected, but the distribu-
tion of the changes indicated that the probable site
of damage was the thick ascending limb of Henle's
loop in the inner stripe of the outer medulla. The
lesions were present in all six kidneys.
Light microscopy of the second series of kidneys,
fixed by vascular perfusion with glutaraldehyde at
various stages and embedded in plastic, showed no
detectable abnormalities in the cortex (Fig. 2) and
inner medulla except for focal cytoplasmic flatten-
ing or the presence of prominent cytoplasmic inclu-
sions affecting no more than 1% of proximal tubular
cells at 60 and 90 mm. Most proximal tubules and all
cortical distal tubules and collecting ducts appeared
normal at all stages. In contrast, striking abnormali-
ties were found by 15 mm in cells of the thick
ascending limb of Henle's loop, specifically, in
straight distal tubular cells in the inner stripe of the
outer medulla. These abnormalities consisted first
of cytoplasmic flocculation, detectable at 15 mm,
progressing to irregular cytoplasmic vacuolation
giving a ragged "moth-eaten" appearance, until
finally cytoplasmic disruption and nuclear pyknosis
were always apparent in most straight distal tubular
cells in the area at 60 and 90 mm (Fig. 3). These
changes corresponded with those seen in the base-
line series of kidneys. Descending limbs of loops of
Henle and the collecting ducts in the same area
appeared normal at all stages.
Electron microscopically, glomeruli appeared
normal at all stages of perfusion except for the
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Fig. 1. Light micrograph of outer medullary region in isolated rat
kidney perfused for 90 mm for baseline values (see Table I). In
this region, many tubular cells show cytoplasinic fragmentation
and nuclear pyknosis (x 500; paraffin section following immer-
sion fixation in formalin; hematoxylin and eosin stain).
presence of large, apparently empty spaces be-
tween mesangial cells, particularly at 90 mm (Fig.
4). Proximal convoluted tubules (Fig. 5), descend-
ing limbs of loops of Henle, thin segments of loops
of Henle, distal convoluted tubules (Fig. 5), and
collecting ducts appeared structurally normal ex-
cept for the changes observed by light microscopy
(see above) in very few proximal tubular cells at 60
and 90 mm. These abnormal proximal tubular cells
showed marked flattening and condensation of the
cytoplasm against the tubular basement membrane,
or the presence of multiple, irregularly shaped
electron-dense cytoplasmic inclusions. Cells in ad-
jacent tubules appeared normal. It should be
stressed that at least 98% of proximal tubular cells
Fig. 2. Light micrograph of cortical region in isolated rat kidney
perfused for 90 mm. Glomerulus and tubules appear normal
(x 400; plastic section following perfusion-fixation with glutaral-
dehyde; methylene blue stain).
remained morphologically normal throughout the
perfusion period, even in the kidney (see above)
that showed poor functional parameters.
Electron microscopy confirmed that striking ab-
normalities consistently developed in most straight
distal tubular cells in the inner stripe of the outer
medulla in kidneys that showed good function as
assessed by urine output, sodium reabsorption, and
GFR. Changes in such cells could be detected as
early as 15 mm after commencing isolated perfusion
and included mitochondrial swelling, apical vesicu-
lation, and cytoplasmic blebbing. Such abnormali-
ties were extensive by 30 mm but, even at this
stage, cells with normal mitochondria were some-
times seen adjacent to abnormal cells in the same
•t:_,,e '
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Fig. 3. Light micrograph of inner stripe of outer medulla in
isolated rat kidney perfused for 90 mm. In this region, cells of
straight distal tubules (asterisks) show "moth-eaten" appear-
ance, cytoplasmic disruption, and nuclear pyknosis (> 400;
plastic section following perfusion fixation with glutaraldehyde;
methylene blue stain).
tubule (Fig. 6). Smooth-surfaced "5" cells and
rough-surfaced "R" cells with prominent microvil-
li, cell types described in rat distal tubules by Allen
and Tisher [6], showed comparable degrees of dam-
age. Commonly, affected cells showed disruption of
the regular pattern of basal membrane infoldings
and their replacement by whorled membranes; this
change was seen at 30 mm and later. At later stages,
complete cellular disruption and nuclear pyknosis
(Fig. 7) were widespread. The extent of damage and
the numbers of cells affected increased with time
until, following 90 mm of perfusion, large numbers
of straight distal tubular cells in the areas were
completely disrupted. Other types of tubules in the
Fig. 4. Electron micrograph of glomerulus in isolated rat kidney
perfused for 90 mm. Large spaces (asterisks) are present be-
tween mesangial cells (x 12,500).
area, that is, descending limbs of the loop of Henle
and collecting ducts, appeared normal even though
they lay adjacent to distal tubules that showed
severe damage. Blood vessels in the area also
appeared normal. Although most distal tubular cells
in the area showed severe damage or disruption by
90 mm, occasional segments appeared unaffected.
Following the addition of horseradish peroxidase
(HRP) to the perfusate for the final 5 mm before
perfusing the kidney with fixative solution, signifi-
cant deposits of reaction product were detected
only in proximal tubular reabsorption droplets and,
more extensively, in the inner stripe of the outer
medulla. In the latter region, HRP stained the
cytoplasm of damaged cells in straight distal tubules
and was also found in intercellular clefts, in basal
rr
—
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Fig. S. Electron micro graph of cortical region in isolated rat
kidney perfused for 90 mm. This shows the normal appearance of
most proximal and distal tubules in this region (x 8,000).
infoldings, and in irregular masses inside and out-
side tubular basement membranes (Fig. 8).
Discussion
Bauman, Clarkson, and Miles [7] reported that
the morphology of the isolated rat kidney perfused
with whole blood was essentially normal by light
microscopy. Other morphologic studies have been
made after perfusion with a variety of synthetic
media. In a study of the changes induced in the
kidney by conjugated bilirubin and bile acids, Go!-
lan, Billing, and Huang [81 found that proximal
convoluted tubules of rat kidneys perfused with
dextran for 1 hour showed only minor changes by
electron microscopy. Franke and Weiss [9] de-
scribed foci of condensed or vacuolated proximal
Fig. 6. Electron micrograph of inner stripe of outer medulla in
isolated rat kidney perfused for 30 mm. Note cell with normal
mitochondria (lower right) compared with cells with swollen
mitochondria in same straight distal tubule (x 4,000).
convoluted tubule cells in rat kidneys perfused with
Haemaccel or hydroxethyl starch and related these
to zones of poor perfusion and oxygenation. In the
early stages of isolated perfusion of the rat kidney
with a medium containing 3% polyvinylpyrrolidone
(PYP) instead of albumin, Bullivant [5] detected
cellular swelling in all tubules of the outer medulla,
including descending limbs of the loop of Henle,
thick ascending limbs, and collecting ducts. Such
changes were prominent at 10 mm and were associ-
ated with a very low GFR. By 30 mm, however, the
GFR had increased, and the appearance of tubules
in the outer medulla was reported to be normal. No
specific comment was made as to the morphologic
appearances at later stages. Cell swelling at 10 mm
was prevented by adding 50 m mannitol to the
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Fig. 7. Electron micrograph of inner stripe of outer medulla in
isolated rat kidney perfused for 90 mm. Straight distal tubular
cell shows cytoplasmic disruption and nuclear pyknosis
(x 6,000).
perfusate, or replacing 50 m sodium chloride with
50 mM choline chloride, or adding 5% human serum
to the perfusate; no morphologic studies at later
stages of perfusion with such modified media were
reported. Bullivant [5] postulated that tubular cells
in the outer medulla have an effective internal
osmolality greater than that of cortical cells and that
perfusion with protein-free medium, by causing a
sudden reduction in the osmolality of the extracellu-
tar fluid in the outer medulla, results in temporary
tubular cell swelling in this area. Interestingly, plate
ic in Bullivant's paper shows a thick ascending limb
of Henle's loop after 30 mm of perfusion; this was
interpreted as being normal but shows focal mito-
chondrial swelling. With this exception, no obser-
Fig. 8. Electron micrograph of inner stripe of outer medulla in
isolated rat kidney perfused for 60 mm, with horseradish peroxi-
dase (HRP) in perfusate for final 5 mm. Note black reaction
product denoting HRP in damaged straight distal tubular cell, in
intercellular clefts, in basal infoldings, and against the basement
membrane (arrows) (x 9,000).
vations of morphologic abnormalities affecting the
distal nephron in the isolated perfused kidney ap-
pear to have been reported.
In the present study, during isolated perfusion of
the rat kidney with medium containing 6.7% bovine
serum albumin, normal ultrastructural appearances
were found in glomeruli, proximal tubules, de-
scending limbs of loops of Henle, cortical distal
tubules, and collecting ducts, apart from the devel-
opment of prominent spaces between glomerular
mesangial cells and minor focal cytoplasmic
changes in very few proximal tubular cells. The
mesangial changes may result from the sustained
high perfusion flow rates inherent in the prepara-
tion, possibly causing dilatation of potential chan-
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nels through the mesangium. The incidence of focal
cytoplasmic condensation or inclusions in proximal
tubules was low despite prolonged perfusion, and is
consistent with the view that the isolated perfused
rat kidney is a suitable preparation for the detailed
analysis of proximal tubular function [101. General-
ized outer medullary tubular swelling [5] was not
observed in our preparations examined at 15 mm,
presumably because the perfusate in our experi-
ments contained albumin instead of PVP. In the
same preparations, however, striking abnormalities
developed in thick ascending limbs of the loop of
Henle in the inner stripe of the outer medulla. These
abnormalities were found despite perfusion giving
good physiologic function. The first changes, de-
tectable at 15 mm, were mitochondrial swelling and
cell surface blebbing. Disruption of basal infoldings
were observed by 30 mm, followed over the next
hour by progressive cellular disintegration and nu-
clear pyknosis.
A partial explanation of the pathogenesis of these
selective tubular changes may lie in the specialized
functional activity and metabolism of this segment
of the nephron. The thick ascending limb of the loop
of Henle (or straight distal tubule) extends from the
termination of the thin ascending limb in the medul-
la to the macula densa in the cortex. It has been
termed the "diluting segment" because fluid sam-
pled from the beginning of the distal convoluted
tubule is dilute and contains a relatively low con-
centration of sodium [11]. This results from sodium
chloride reabsorption in the absence of net water
movement from the straight segment. Such sodium
chloride reabsorption is due primarily to active
chloride transport from the tubule, causing a trans-
epithelial voltage with a positive orientation in the
tubule lumen, leading in turn to passive outward
movement of sodium [121. The medullary segment
of the thick ascending limb appears to reabsorb
sodium chloride more rapidly than the cortical
segment although it cannot lower the luminal sodi-
um chloride concentration to the same extent as the
cortical segment [131. The medullary and cortical
segments also differ in that absolute sodium perme-
ability and the sodium to chloride permeability ratio
are greater in the medullary segment [131. In addi-
tion, quantitative histochemical studies indicate
that sodium- and potassium-activated ATPase ac-
tivity, which is required for active chloride trans-
port in this tissue [13], is greatest in that portion of
the ascending thick limb located in the inner stripe
of the outer medulla [141. Such data suggest that
this particular nephron segment may develop pro-
gressive damage during isolated kidney perfusion
because it is composed of functionally active cells
with relatively high metabolic requirements that are
not satisfied under perfusion conditions. The inner
stripe of the outer medulla has its own supplying
blood vessels, topographically and functionally dis-
tinct from those supplying the outer stripe and the
inner medulla [15]. Specific regional vascular defi-
ciencies might therefore occur during perfusion as a
result of shunting of medium from the inner stripe,
thereby producing a localized critical deprivation of
substrate. Because cells of the ascending thick limb
are significantly dependent on oxidative metabo-
lism [16], such vascular effects resulting in inad-
equate oxygen delivery might apply. It should be
noted, however, that, in the present study, the
isolated kidney was perfused with well-oxygenated
medium [2] at very high flow rates. With less well-
oxygenated medium, Franke and Weiss [91 found
evidence of focal cortical anoxia leading to lesions
affecting proximal convoluted tubules. Generalized
anoxia affecting the whole kidney is also unlikely to
be the sole cause of thick ascending limb lesions
because total renal ischemia primarily affects proxi-
mal tubules [17]. Similarly, selective damage due to
the presence of an unidentified circulating nephro-
toxin is unlikely in view of the known sites of action
of recognized tubular nephrotoxic agents, for exam-
ple, damage to the proximal tubule due to mercuric
chloride [18], or damage to the renal papilla from
ethylene imine [19]. A more attractive explanation
for the localized nature of the lesions is that they
result from specific metabolic deficiency of the
perfusion medium. Glucose is the only respiratory
substrate provided in the perfusate. The specific
role of glucose in supporting optimum sodium reab-
sorption by the perfused kidney is not fully under-
stood [20]. Its metabolism is required because non-
metabolizable analogues are ineffective. It has been
inferred that the extra sodium reabsorption ob-
served in the presence of glucose might take place
in the medulla, in which the rates of glycolysis and
glucose oxidation exceed those seen in the cortex
[21]. A variety of other substrates are oxidized,
however, at a much higher rate than is glucose.
These include fatty acids, ketone bodies, di- and
tricarboxylic acids, and some amino acids. The fact
that these fuels are relatively ineffective in support-
ing the major work function of the kidney, the
active transport of sodium, has given rise to the
concept of two types of respiratory fuels in the
functioning kidney: those such as glucose, lactate,
and pyruvate, which predominantly support trans-
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port, and the remainder, which support "basal" or
nontransport respiration [22, 23]. The nature of the
processes that make up "basal" respiration is under
debate [24] but could include the maintenance of
cell structures and the integrity of membranes. Of
relevance to this hypothesis is recent evidence [25,
26] of unique metabolic requirements for cells of the
thick ascending limb, involving active solute trans-
port supported by oxidative metabolism; in addi-
tion, cellular metabolism and active ion transport
processes were found to be tightly coupled in this
region.
It has been suggested [271 that the high flow rates
that operate under perfusion conditions result in
washout of the medullary interstitium, leading to
loss of the corticomedullary osmotic gradient [10,
11] and the inability of the isolated kidney to
concentrate urine [10]. Although transport of sodi-
um chloride from the tubular lumen to the surround-
ing interstitium is vital for the formation of a
hypertonic medullary interstitium and hence for the
operation of the countercurrent system for urine
concentration [281, it is not clear whether the perfu-
sion-related damage in the thick ascending limb
contributes further to the urine concentrating defect
of the preparation induced by high medullary flow.
Impairment of sodium chloride reabsorption in the
loops of Henle has been demonstrated during isolat-
ed kidney perfusion by DeMello and Maack [10].
Using micropuncture techniques, these authors
found that Henle's loop reabsorbed less than 10% of
the sodium load delivered to it. It is indeed likely
that this impaired sodium reabsorptive capacity of
Henle's loop is largely due to the damage of the
thick ascending limb in the inner stripe of the outer
medulla. Despite such damage, overall fractional
sodium reabsorption in the isolated kidney can
reach 99% [1], probably as a result of a high sodium
reabsorptive reserve in the intact later segments of
the thick ascending limb and the distal convoluted
tubule [10].
The GFR of the isolated perfused kidney is low
compared with that in vivo and falls during perfu-
sion [1]. DeMello and Maack [10] found that super-
ficial single nephron GFR (SNGFR) in the isolated
kidney is depressed by 20 to 30% at most, whereas
total kidney GFR is depressed by about 50%. They
concluded that the SNGFR of deeper nephrons is
lower than that of superficial nephrons. The 20 to
30% decrease of superficial SNGFR was attributed
to the higher than normal oncotic pressure of the
perfusate which, together with a slightly increased
intratubular hydrostatic pressure, could lead to a
decrease in net ultrafiltration pressure. They were,
however, careful to point out that leakage of inulin
in the distal portions of the nephron could not be
entirely excluded.
By electron microscopy, glomerular capillary
walls appeared normal, indicating that the de-
creased values for whole kidney GFR are not
caused by a reduction in glomerular filtration area.
The steady fall in GFR during perfusion may be
partly due to the development of abnormal leaki-
ness of the damaged portions of the nephron. In an
attempt to demonstrate this, horseradish peroxi-
dase (HRP) was added to the perfusion medium.
HRP was found to accumulate in and between the
damaged tubular cells and in the interstitial tissue
surrounding the thick ascending limb. Under the
conditions of the experiment, it was not possible to
show that this accumulation was exclusively due to
passage of the marker from the tubular lumen and
not to leakage from local capillaries. But, such
capillaries appeared normal, and furthermore, if
any substantial leakage occurred from the capillar-
ies into the tubular lumen, inulin could also be
expected to follow this pathway, thereby ameliorat-
ing a fall in GFR. In this regard, experiments where
inulin or HRP have been injected directly into renal
tubular lumens are relevant. In ischemic renal tubu-
lar damage, Donohoe et al [17] showed increased
permeability of proximal convoluted tubules by
injecting HRP into damaged nephrons; further-
more, approximately 35% of the inulin injected into
the nephron could be detected in urine from the
contralateral kidney. Similarly, following uranyl-
nitrate-induced damage to the proximal convoluted
tubule in the dog, recovery of inulin injected into
the tubule fell from 97% to 14% [29]. By analogy,
therefore, the damaged thick ascending limb of the
loop of Henle in the isolated perfused kidney may
be the site of leakage of inulin, contributing to the
apparent fall in whole kidney GFR.
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